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nreoDucTioN 

Tile  arc  plasma.  Figure  1,  has  promise  as  a  new  ferrite  fabrication 
technique  But,  before  its  fabrication  potential  could  be  explored,  it  was 
necessary  to  develop  efficient  means  of  depositing  ferrite  powders  on  ceramic 
substrates  and  to  Investigate  the  effects  of  the  arc  plasma  operating  para¬ 
meters  cn  the  ferrite  magnetic  properties  and  their  reproducibility.  The 
following  information  is  the  experiences  and  observations  of  a  one  year’s 
iLtvastigation  of  tro  arc  plasma  technique.  The  findings,  though  encouraging, 
e  n  t  meant  to  be  the  final  answer  in  the  operation  or  usefulness  of  the 
p.'.  •  sma,  sinoe  new  effects  and  procedures  are  continuing  to  appear. 

Arc  plasma  spraying  is  a  technique  for  melting  a  material  and  deposit¬ 
ing  it  in  a  molten  state  onto  a  target.  The  deposited  material  is  rapidly 
cooled  to  a  solid  upon  contact  with  the  target.  The  advantages  of  the  arc 
plasma  over  other  spraying  techniques  are  its  higher  operating  tenperatures 
(up  to  15}000°(3)  and  controlled  atmosphere. 

Arc  plasma  deposition  being  directional  in  nature,  results  in  a  flat¬ 
tening  of  the  molten  particles  as  shown  in  the  electron  microscope  photograph 
of  Figure  2.  'When  the  molten  particles  hit  the  barget  and  are  cooled,  they 
•brink.  This  shrinkage  can  be  partially  corpensated  by  a  3rielding  of  the 
deposited  material  or  a  yielding  in  the  bond  to  the  target;  however  a  certain 
amount  of  stress  is  expected  to  be  frozen  into  the  deposited  particles.  When 
these  stresses  are  severe,  cracking  of  the  deposited  material  or  the  target 
occurs.  These  stresses  can  be  reduced  by  preheating  the  target.  This  raini- 
raizes  the  tenperature  drop  experienced  by  the  molten  ferrite  as  it  travels 
from  the  gun  to  the  target.  The  preheating  is  also  helpful  in  preventing 
cracking  pf  certain  target  materials  as  a  result  of  thermal  shock. 

It  was  originally  thought  that  the  bond  betwf  i  the  deposited  coating 
and  the  target  was  mechanical  in  nature,  but  more  i-ecent  information  has 
shown  this  to  be  an  over-sinplification,  Ctirrently,  there  is  evidence  that 
the  bonding  that  takes  place  between  the  particles  of  the  deposited  material 
is  similar  to  the  bonding  between  the  deposited  material  and  the  target. 

For  a  better  bond,  it  has  been  found  desirable  to  sli^tly  roughen  the  target 
surface  before  spraying.  The  rvmghenlng  process  not  only  cleans  the  target 
surface,  but  tends  to  restrain  and  contain  the  shrinkage  of  the  deposited 
material. 

This  report  presents  data  and  conclusions  on  arc  plasma  depositions  of 
nickel  zinc  ferrite  powders  on  ceramic  substrate  targets.  The  arc  plasma  „ 
deposition  of  ferrites,  recently  developed  by  Harris  and  Janowiecki,^*'^ 
presents  many  problems  not  previously  investigated  in  the  development  of  the 
arc  plasma  technique.  Generally,  the  arc  plasma  is  used  for  depositing 
metallized  coatings  where  the  reducing  effects  of  the  arc  plasma  are  desir¬ 
able;  for  the  deposition  of  ferrites,  oxidizing  effects  are  desirable.  The 
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stiresses  resaltiiig  Aram  the  arc  plasma  deposition  are  not  only  of  conceora 
as  to  their  effects  on  the  mechanical  properties  hut  also  as  to  their  effects 
on  the  ma^ietLc  properties  of  ferrites.  Thusj  before  making  the  arc  plasma 
a  nseftil  ferrite  fabrication  tool,  new  procedures  and  the  effects  of  the  arc 
plaana  parameterc  had  to  be  investigated. 

%)ls  retport  includes  the  'ja'ves'.d.gation  of  d^sltion  techniques,  and  the 
effects  of  arc  plasnn.  parameters  on  magnetic  properties,  magnetic  \aniformlty, 
and  the  reproducibility  of  the  magnetic  properties  of  ferrite  materials  de¬ 
posited  by  the  arc  plaaiu  tachnj.que.  The  finite  powders  used  In  this  isves- 
tigation  were  prepared  V  c'snventional  techniques  with  spray  dried  post  treat- 
aent,  fluid  bed  reaction,  spray  reaction,  and  milled  sintered  bodies. 

Five  ceramic  substrates  were  iised  as  targets:  forsterlte,  magnesium  uLtanate, 
alumina,  Mg0-l{gAl20^,  and  BG^heoi  's  K-38. 

The  axra  plasma  parameters  which  were  evaluated  include  arc  current, 
working  distance  (distance  Aram  arc  gun  to  substrate),  and  argon  versus 
oxygen  as  a  carrier  gas.  IQie  magnetic  properties  evaluated  were  teii^>erature 
coefficient  (TC),  the  real  part  of  the  pK:*meabili-ty  tKisor  (id),  coercive 
Ibrce  (He),  saturation  magnetization  (l^TTHs),  and  squareness  ratio  (Br/gjj^). 

DISCUSSION 


1.  Cold  Substrate 

The  sdection  of  a  proper  substrate  has  an  important  bearing  on  the 
ease  with  which  a  ferrite  can  he  deposited.  This  is  especially  true  when 
thick  films  (>  20  mils)  are  deposited.  Ease  of  deposition  implies  a  wide 
range  of  epreying  conditions  which  can  be  utilized  without  developing  cracks 
In  either  the  substrate  jT  the  deposited  ferrite. 

The  important  characteristics  to  be  considered  in  selecting  a 
ceramic  substrate  are  its  susceptibility  to  damage  by  thermal  shock  and  the 
matching  of  its  linear  coefflcleat  of  thermal  esq^anslon  to  that  of  the  fer¬ 
rite  being  deposdtod.  Paladino.et  al  have^®Po^*®<^  hot  pressing 

fmrite  and  ceramic  substrate^wget^r,  a  mismatch  in  the  e9q>anslon  coef> 
flcient  of  approximately  lxl0~®  per  C  causes  either  cracking  of  the  substrate 
or  the  ferrite.  Our  experience  with  the  arc  plasma  deposition  of  ferrite 
onto  ceramic  indicates  that  such  a  close  match  in  thermal  expansion  is  not 
necessary,  but  it  is  certainly  helpful. 

The  linear  coefficients  of  thermal  expansion  of  several  ceramic  sub¬ 
strates  used  in  this  program  are  given  in  Table  I.  These  may  be  compared  to 
the  linear  coeffici»t  of  expansion  of  nickel  zinc  which  falls  in  the  range 
of  9.0  to  10.6  X  10“°  (for  the  tenperature  range  of  20°C  to  320°C)^  de¬ 
pending  ipon  the  actual  conposition.  These  values  woiad  be  slightly  higher 
for  a  greater  temperatiure  range. 


2 


Osriginally,  arc  plasma  spraying  was  done  with  the  substrates  at 
room  tai^jerature ,  Three  different  substrate  materials,  in  two  configura¬ 
tions,  were  used  in  this  phase  of  the  investigation;  alumina  (AL20^), 
magnesium  titanate,  and  steatite.  The  two  configurations  were  a  flat 
substrate  and  a  round  toroid.  The  flat  stxbstrates  were  fixed  a  set  distance 
in  ftont  of  the  arc  gun  which  was  manually  passed  over  the  substrate  surface. 
The  ceramic  toroid  was  mounted  on  a  lathe  and  spun  while  the  arc  gun  was 
moved  back  and  forth  over  the  width  of  the  toroid. 

Alumina  (by  American  Lava)  was  +he  most  widely  used  substrate  in 
this  original  phase  of  the  investigation  because  of  the  relatively  good  suc¬ 
cess  achieved  with  it.  Much  better  success  was  achieved,  with  respect  to 
film  adherence  and  thickness^  with  the  toroidal  corAflguration.  It  was  pos¬ 
sible  to  obtain  well  adhered  farrite  films,  with  thicknesses  of  up  to  30  mils, 
in  about  ^0$  of  the  toroids.  The  failures  were  mostly  due  to  the  ferrite 
film  peeling  off  the  toroid,  but,in  somo  cases, the  ceramic  toroids  did  crack 
due  to  thermal  shock. 

In  the  case  of  the  flat  alumina  substrates,  it  was  not  possible  to 
deposit  a  well  adhered  film  greater  than  10  mils  thick.  Normally,  as  the 
film  thickness  approached  10  mils,  the  film  would  peel  off.  Furthermore, 
in  approaching  thicknesses  of  10  mils  on  flat  substrates,  very  tight  spraying 
conditions  had  to  be  observed  (300-500  anperes  arc  ctirrent  at  a  distance  of 
1^  inch).  It  was  established  for  both  the  flat  and  toroid  substrates  that, 
as  the  arc  current  was  increased  and  the  working  distance  decreased,  there 
was  a  tendency  for  the  substrate  to  crack.  When  the  working  distance  in¬ 
creased  and/or  arc  current  decreased,  there  was  poor  film  adherence.  Roughen¬ 
ing  the  substrate  surface  by  a  quick  sandblast  did  aid  the  adherence  soiAewhat. 

Steatite,  used  as  a  flat  substrate,  was  similar  in  behavior  to 
alumina  in  that  with  care  of  arc  plasma  conditions,  it  was  possible  to  achieve 
a  well  Adhered  film  less  than  10  mils  thick.  Upon  polishing  the  film  though, 
many  anall  surface  cracks  were  observed. 

During  this  original  phase,  the  successful  deposition  on  magnesium 
titanate  (Trans-Tech  D-l6)  was  inpossible  because  of  the  exposure  of  magne¬ 
sium  titanate  to  thermal  shock.  It  was  not  possible,  for  both  toroidal  and 
flat  shapes,  to  get  the  arc  current  hi^  enough  or  the  gun  close  enough  for 
good  film  adherence  without  the  substrate  cracking.  Deposition  on  over 
twaity  flat  and  toroidally  shaped  magnesium  titanate  substrates  was  attempted 
without  success. 

2.  Heated  Substrate 


It  became  evident  that,  in  order  to  utilize  the  wide  range  of  opera¬ 
ting  parameters  available  with  the  arc  plasma  and  to  deposit  onto  ceramic 
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substrates  with  a  reasonable  yield,  a  modification  in  the  original  spraying 
technique  was  necessaxy.  The  modification  was  to  spray  onto  a  heated  sub¬ 
strate.  This,  it  was  felt,  would  overcome  most  of  the  substrate  cracking 
due  to  thermal  shock.  The  technique  decided  on  for  heating  the  substrate 
was  to  use  an  oven  with  a  door  which  would  be  opened  xdiile  spraying,  as 
shown  in  Figure  3.  It  was  assumed,  and  later  verified,  that  by  proper  selec¬ 
tion  of  oven  tenperature,  the  heat  loss  caused  by  opening  the  door  could  be 
compensated  for  by  the  heat  of  the  arc  plasma. 


I 
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The  use  of  the  oven  reduced  substrate  cracking;  it  also  enhanced  the 
ferrite  to  substrate  bond.  The  strength  of  the  bond  in  most  samples  was 
such  that  any  attempts  to  separate  the  ferrite  from  the  substrate  resulted  in 
eitha*  the  ferrite  or  substrate  separating  from  itself,  leaving  the  bonded 
layer  intact.  This  is  not  to  iitply  that  under  some  extreme  conditions  ,i,e,, 
working  distances  greater  than  h  inches,  arc  curra:ts  lower  than  200  an^eres, 
and  poorly  prepared  substrates ,  the  film  would  not  separate.  However,  for 
a  wide  range  of  spraying  conditions  very  good  bonds  were  realized.  Initially 
with  the  top  of  the  oven  opened  and  the  gun  fixed  in  one  position,  when  the 
substrate  was  slowly  drawn  undor  the  arc  gun,  some  cracking  occurred  in  the 
flat  magnesium  titanate- substrates.  It  was  concluded  that  when  the  ovm  was. 
opened,  the  part  of  the  substrate  which  was  not  immediately  passing  under  the 
gun  cooled  sufficiently,  such  that  it  was  subjected  to  thermal  shock  as  it 
passed  under  iiie  gun.  This  problem  was  mostly  alleviated  by  rapidly  passing 
the  substrate  back  and  forth  under  the  giin.  This  procedure  maintained  the 
whole  substrata  near  a  constant  tenperature,  thus  avoiding  thermal  shock. 

An  experiment  was  conducted  to  determine  the  tenperature  of  the 
substrate  as  it  passed  under  the  gun.  The  substrate  was  removed  and  replaced 
by  a  thermocoiple  at  the  end  of  a  ceramic  rod.  The  thermocouple  was  moved 
back  and  forth  in  front  of  the  gun  at  a  distance  of  1.2^  inches  and  with  a 
stroke  of  1  inch.  Table  II  conpares  these  results  vri.th  the  original  case 
where  "ttie  thermocoiple  was  in  a  fixed  position  in  front  of  the  gun.  It  was 
determined  that  the  tenperature  was  lower  in  the  area  transversed  by  the 
thermocoiple  for  a  given  set  of  spraying  conditions.  Currently,  strokes  ap¬ 
proaching  2  inches  have  been  found  to  be  satisfactory  for  substrates  of  1  x 
2  inches  in  cross-sectional  area. 

Using  the  oven  to  preheat  the  substrates,  it  was  possible  to  deposit 
films  up  to  150  mils  thick  on  flat  substrates  of  magnesium  titanate, 

forsterite  with  a  yield  of  greater  than  90%,  The  surprising 

fact  was^tnat  alumina,  which  without  the  oven  was  most  successful,  exhibited 
several  small  cracks  after  cooling  and  polishing.  This  was  attri^ted  to  the 
thermal  expansion  mismatch  between  alumina  and  the  ferrite.  Similar  charac¬ 
teristics  were  also  noted  with  steatite,  In  one  extreme  case,  where  a  120 
mil  ferrite  film  was  deposited  on  a  100  mil  thick  steatite  substrate,  upon 
cooling, the  ferrite  bent  the  steatite  enough  to  crack  it.  Generally,  satis¬ 
factory  deposition  results  were  realized  after  the  oven  was  incorporated  into 
the  procedure. 
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Ferrite  Powders 


The  process  used  to  produce  the  fei*rite  powder  to  be  sprayed  has  a 
significant  influence  on  the  arc  current  required  to  produce  a  dense  ferrite 
film  at  an  acceptable  deposition  rate.  A  low  arc  current  is  desirable  be- 
csase  it  allows  the  substrate  I'md  ferrite  to  be  at  a  lower  temperature  during 
deposition.  This  minimizes  the  loss  of  any  volatile  elements  from  the  powder 
being  deposited.  It  also  eases  the  problem  of  matching  the  thermal  coef¬ 
ficients  of  linear  expansion.  A  rapid  deposition  rate  is  Importsuit  for 
economic  considerations.  At  the  same  time,  it  aids  in  the  deposition  cr  a 
good  film  because  it  decreases  the  time  the  substrate  is  subjected  to  the 
heat  of  the  arc  plasma  gun. 

1.  Particle  Size 

Kia  size  of  the  ferrite  powder  particle  determines  the  amcont  of 
arc  current  required  for  a  conplete  melt  of  the  particle  to  ensure  high 
density  and  high  deposition  rates.  Assuming  the  same  powder  flow  charac¬ 
teristics,  smaller  particles  are  more  easily  carried  by  a  fixed  amount  of 
gas  flow,  but  it  takes  many  small  particles  to  achieve  the  same  volume  of  one 
large  particle.  As  a  consequence, the  deposition  rate  is  Icwj  for  example, it 
would  take  approxlnately  one  million  0,1  micron  size  particles  to  equal  the 
volume  of  one  10  micron  particle.  On  the  other  hand,  the  larger  the  particle 
size,  ths  hi^r  the  arc  current  (more  heat)  required  to  achieve  a  conrulete 
melt.  The  disadvantage  of  an  incoii5>lete  melt,  where  only  the  outer  surface 
is  in  a  molten  state,  is  that  the  deposited  film  will  have  a  low  densiby. 
Therefore,  an  optimum  particle  size  for  maximum  deposition  rate  must  exist, 
but  this  has  not  as  yet  been  establidied. 

Another  disadvantage  of  the  very  small  particles  (  0.2  micron;  is 
that  when  they  are  fed  into  the  arc  gun,  they  melt  so  rapidly  that  they  are 
in  a  molten  state  before  leaving  the  gun  nozzle.  This  creates  what  is  known 
as  loading  —  a  build  tq)  of  these  particles  on  the  port  of  the  no?, ale.  Wher.. 
this  build  becomes  eoccessiv’e,  small  pieces  break  away  and  are  der'os:.t,9d 
on  the  target,  causing  an  Inhomogenei'ty  in  the  deposited  film.  One  wav  bo 
avoid  this  problem  is  to  use  an  external  powder  feed,  vimre  the  powder  .s  f&i: 
in  Arant  of  the  arc  gun.  The  .external  feed  approach  with  large  particle:- 
makes  a  coj^jlete  melt  difficult  to  achieve.  Regardless  of  the  starting 
particle  size,  the  deposited  ferrite  has  a  small  X-ray  crystallographic^ 

0.02  to  0.13  micron, 

2.  Powder  Types 


The  selection  of  the  type  of  powder  to  use  for  an  arc  plasma  pro¬ 
duction  process  should  include  consideration  of  powder  cost,  availabilit\- . 
and  performance.  For  this  investigation,  only  performance,  \diich  included 
deposition  rate  and  arc  plasma  parameters  reared  for  good  deposition  and 
reproducibility,  was  evaluated.  “Hie  nickel  zinc  ferrite  powders  used  in 


this  investigation  were  prepared  by  flame  spray  (Ni  ^^Zn  fluid 

bed  reaction  (IBL  ^QZn^^oPegO^),  and  spwgr  dried  (  Ml.  '^® 


particle  sizes  of  these  powders^  as  determined  by  an  electron  microscope^  were 
0.02  to  0.3  micron,  0.3  to  2.0  microns,  and  10  to  100  microns,  reject! vely. 

The  flame  sprsy  poolers  were  felly  reacted;  the  fluid  bed  powders  varied  from 
partially  reacted  to  fully  reacted;  and  the  spray  dried  powders  were  par¬ 
tially  reacted.  The  spray  dried  powder's  were  processed  by  Indiana  General^ 
Ihc.  using  their  process  and  binder,  llie  apparent  advantage  in  using  fully 
reacted  powders  is  that  th^  are  not  as  susceptable  to  water  absorption. 


The  deposition  characteristics  and  the  ability  of  the  powder  to  be 
easily  carried  by  the  carrier  gas  will  vary  with  the  amount  of  moisture  the 
powder  contains.  The  best  deposition  rates  are  realized  when  the  ferrite 
powder  is  conpletely  dry.  It  has  been  observed  that  when  a  nowder  is  left 
in  the  powder  feed  hopper  during  a  period  of  high  hunidily  (80](),  its  de¬ 
position  rate  is  decreased  by  more  than  a  factor  of  two.  A  procedure  used 
to  avoid  moisture  pickt^  is  to  store  excess  powder  in  a  dry  place.  If 
moisture  is  absorbed,  the  powder  should  be  dried  in  an  oven.  It  is  also 
felt  that  a  smooth  powder  particle  shape  is  desirable  for  rspid  d^osition 
rates,  since  this  pemdts  the  particles  to  pass  easily  over  one  another. 


a.  Flame  Spray  Powder 

The  flame  spray  powders  idxich  have  the  smallest  particle  size 
were  successfully  deposited  with  arc  currents  from  2$0  to  $00  A  at  working 
distances  from  1-1/2  to  2-3/U  inches.  The  deposition  rates  for  these 
powders  were  the  lowest  of  the  three  powder  t^es,  17.0  mils/min/in^  maximum, 
which  was  attributed  to  the  small  particle  si-ze.  Ih  one  d^sition  where 
a  hOO  A  arc  current  and  a  3/h  Inch  wozldne  distance  were  used,  the  deposi¬ 
tion  rate  was  estimated  at  39  mils/min/in^.  However,  due  to  the  short  woiic- 
Ing  distance,  the  arc  flame  actually  touched  the  substrate,  and  the  ferrite 
Him  was  of  poor  quality.  It  appeared  that  the  ferrite  wass^in  a  boiling  con¬ 
dition  during  deposition,  and  some  of  the  bubbles  were  quenched  into  the 
film  after  the  arc  gun  was  tuzned  off.  No  further  evaluation  was  made  on 
this  film.  Densities  as  hi^  as  99/8  of  theoretical  were  realized  for  fer¬ 
rites  deposited  Horn  flame  spray  powders. 


b.  Fluid  Bed  Powder 


Very  few  sanples  were  made  from  the  fluid  bed  powders,  since 
most  of  the  available  powders  were  used  in  the  original  phase  before  the 
oven  was  incorporated  as  part  of  the  ^stem.  These  few  sauries  were  suc¬ 
cessfully  deposited  with  arc  currents  ftom  350  to  6OO  A  at  a  working  dis¬ 
tance  of  iJg  in.  Deposition  rates  varied  Horn  11  to  23  ndls/mln/i^  and 
densities  as  high  as  97^8  of  theoretical  were  realized. 
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pray  Dried  Powdsr 


Several  samples  were  prepared  irm  the  coramsrcial  spray  drio  I 
powder.  Arc  currents  from  1*50  to  720  A  with  working  distances  from  1-^  b 
2-3/1*  in  were  used.  It  was  observed  that  whan  arc  currents  below  600  A 
were  used,  a  reddish-brown  powder  was  trapped  in  the  film.  This  was  at¬ 
tributed  to  an  inconrolete  melt  of  some  of  the  powder.  Deposition  rates  of 
to  60  ndls/min/in^  were  obtained  and  densities  as  high  as  9\x%  were  mea¬ 
sured,  Table  III  sho’^rs  some  of  the  results  obtained  by  spraying  different 
lypes  of  powder  on  'iifferent  substrates.  Although  no  specific  conclusions 
can  be  reached  from  these  data^they  are  offered  for  completeness. 


Arc  Current  and  Wort 


Distance 


Deposition  rate  is  also  dependent  on  the  selection  of  arc  current 
and  working  distance.  It  has  been  established  that  with  relatively  low  ar 
currents  on  large  working  distances,  the  deposition  rate  for  a  given  powder 
decreases  as  shown  in  Figure  1*.  During  these  tests,  it  was  observed  that 
free  powder  was  coming  out  of  the  oven  when  low  arc  currents  and  large  worK- 
ing  distances  were  used.  It  seens  that  with  low  arc  currents  all  the  par¬ 
ticles  did  not  conplete3y  melt.  Furthermore,  several  particles  resolidified 
before  they  hit  the  target  when  long  working  distances  were  used,  thus  de¬ 
creasing  the  deposition  rate.  This  can  also  oqclain  wly  there  was  a  signifi¬ 
cant  inprovenent  in  the  adhesion  of  the  ferrite  to  the  substrate  when  the 
oven  was  incorporated  as  part  of  the  deposition  technique.  The  heat  of  the 
oven  helped  prevent  the  molten  particles  from  cooling  as  rapidly  as  when  they 
were  being  sprayed  onto  an  unheated  substrate. 

U*  Squareness  Ratio 


•nie  only  apparent  effect  the  choice  of  the  powder  iype  had  on  the 
magnetic  properties  was  on  the  squareness  ratio  (Br/Bra)  of  the  deposited  fer¬ 
rite,  Tlds  may  be  somewhat  misleading  because  of  ttie  higher  zinc  concentra¬ 
tion  in  the  spray  dried  powder,  and  the  limited  number  of  fluid  bed  sam^lea. 
iy  using  a  fixed  working  distance  of  l-3g  in,  the  flame  spray  and  fluid  bed 
powders  -lad  higher  squareness  values  than  the  sprsy  dried  powders^  shown  in 
Table  IV,  Assuming  that  squareness  is  increased  as  a  result  of  stresses  pro¬ 
duced  by  -the  arc  plasma  process,  then  it  can  be  explained  that  the  smaller 
parades  of  the  flame  spray  and  fluid  bed  powders  experience  and  maintain 
much  more  stress  upon  contact  -wi-th  the  subs-trate  because  of  their  sorplete 
molten  state  as  coiipared  to  the  larger  spray  dried  particles.  This  is  veri¬ 
fied  ly  the  electron  microscope  results  which  have  shown  that  only  the  fid. 
spray  and  fluid  bed  particles  have  a  pronounced  shape  distortion.  The  sqm-ti- 
ness  for  the  spray  dried  powder, thou^,is  still  much  higher  than  on  convent'.  : 
ally  sintered  samples  as  reported  in  the  literature  (typically  0.1*8).  This 
comment  is  proposed  as  a  general  observation  and  possible  explanation  for  ths 
increased  squareness  ratio.  It  wis  also  found  that  a  higher  squareness  rati  , 
was  consistently  obtained  when  the  ferrite  was  annealed  at  1280°C  for  2  hours 
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after  the  substrate  had  been  out  fron  the  ferrite.  The  results  arc  Iven  in 

Table  V. 

Effects  of  Arc  Plasma  Parameters 
1,  Effect  of  Substrate 

The  effects  of  arc  current,  working  distance,  and  carrier  gas  on 
ten?)erature  coefficient  (TC),ya',  Hc,and  UTITMs  were  studied.  For  conpleteness, 
it  is  first  desirable  to  describe  the  effects  of  the  substrates  on  these  mag¬ 
netic  properties.  All  samples  were  toroidal.  Some  of  the  samples  had  the 
ferrite  on  toroidal  substrates;  other  samples  were  ferrite  toroids  cut  free 
from  the  ceramic  substrate.  Some  distinct  variations  in  the  magnetic  proper¬ 
ties  were  noted  for  these  two  different  sample  conditions. 

It  has  already  been  shown  that  the  ferrites  on  the  substrates  exhi¬ 
bited  lower  squareness  ratios  than  the  ferrites  cut  free  from  the  substrates. 

It  was  also  found  that  the  ferrites  without  the  substrate  exhibited  a  more 
positive  TO  than  the  ferrite  on  the  substrate  even  after  annealing.  Table  VI 
illustrates  the  effect  of  the  toroidal  substrate  on  the y/ and  Hg  characteris¬ 
tics  on  the  depcisited  ferrit"'.  It  may  be  observed  that^ of  the  ferrite  on 
the  substrate  generally  sxr.:bitsd  lower  values  than  the  ferrite  without  the 
substrate.  On  the  other  hand^the  coercive  force  of  the  ferrites  with  the 
substrate  generally  exhibited  higher  values  than  the  ferrites  without  the 
substrate.  It  should  be  noned  that  annealing  did  not  change  the  observed 
trend. 

An  explanation  of  this  phenomenon  is  that  the  mismatch  in  the  linear 
coefficient  of  expansion  between  the  ferrite  and  the  substrate  affects  the 
ferrite  grain  growth  at  the  feirite -ceramic  interface  during  deposition  and 
anneal  (stresses  are  introduced).  If  this  assunption  is  to  have  some  validity, 
then  the  thicker  ferrite-nr^trate  samples  should  have  less  variation  in  their 
magnetic  properties  than  the  samples  without  the  substrate.  These  developed 
stresses  should  be  primarily  limited  to  the  ferrite  near  the  substrate, 

Figura  B  illustrates  the  percent  variation  of  y/ and  (A  . 

ar.neal  as  a  function  of  thickness  of  tne^f^rite^^ 

with  the  substrate.  Due  to  the  limited  number  of  samples  tested,  a  definite 
conclusion  cannot  be  drawn  but  a  general  trer 1  does  exist,  especially  for 
Hp  as  a  function  of  thickness. 

Since  the  presence  of  a  substrate  has  an  affect  on  the  magnetic 
properties,  it  was  necessaiv  to  determine  the  effects  of  the  arc  plasma  para¬ 
meters  on  ferrite  toroids  vrith  or  vdthout  substrates.  Also,  many  of  tlie  early 
ferrite  deposits  were  thin  (<15  oils),  making  reliable  dimersional  measurements 
difficult.  For  these  samples  ,TC  was  used  exclusively  as  the  main  magnetic 
property  for  evaluating  th;^  'irc  plasma  parameters,  since  TO  is  independent  of 
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dimensional  considerations.  Furthermore,  the  measurer^n^  of  TC  is  vejy  re¬ 
liable,  with  an  accuracy  of  +_  0.1%,  and  as  reported  by  Cr.Belt,  et  al,  it 
is  also  stress  sensitive.  Therefore,  when  the  thickness  of  the  ferrites  was 
neater  than  15  mils,  the  measorements  of  u'^and  Hj.  were  considered  to  be  re- 
iiaule. 

Bie  saturation  magnetization  messurements  were  only  made  on  deposits 
thirker  than  2^  rails,  since  the  fendte  had  to  be  cut  free  from  the  substrate 
for  density  raaasuremenfcs.  Because  the  small  crystallite  size  in  the  as  de¬ 
posited  ferr..tes  (usually  less  than  0.1  micron  )  would  result  primarily  in 
a  rotational  magnetization  process,  the  samples  were  annealed  in  order  to 
achieve  reasonable  values  of  |i^and  Hg. 

2.  Ei'fects  of  Arc  Current 

Each  powder  type,  conventional  spray  dried,  fluid  bed,  and  flame 
spray,  was  evaluated  separately  because  of  different  coii??ositions  and  particle 
size. 


a.  Spray  Dried  Powder 

The  samples  prepared  from  the  com^entional  spray  dried  powder, 
because  of  its  rapid  deposition  rate,  had  thicicnesses  greater  than  15  mils. 
Therefore,  TC  measurements  were  not  used  exclusi'/ely  for  evaluation.  The 
curves  in  Figure  6  show  the  variations  in  TC  tdth  arc  current.  As  expected, 
the  hitler  arc  currents  produced  a  more  positive  TC.  IMs  is  similar  to  the 
control  of  TC  as  developed  by  a  hot  pressing  technique,®  wha*e  a  more  posi¬ 
tive  TC  was  achieved  by  higher  hot  pressing  tenroerat’-ires.  Table  VH  ^ves 
the  results  of  how  ^  and  responded  to  a  1200®C  anneal  for  two  hours,  and 

how  these  samples  ojngjare  to  a  conventionally  sintered  (1250^C)  sanple.  It 
can  be  assumed  that,  generally,  the  highar  the  arc  currents,  the  higher  the^* 
and  the  lower  the  He  before  and  after  anneal.  Thou^i  the  values  ofya  -a&re 
not  as  high  as  1316  value  of  the  conventionally  sintered  sample,  it  is  cur¬ 
rently  feQ.t  that  a  hi^er  Vis  possible  with  an  i^^jroved  anneal  cycle.  The 
squareness  ratios  are  also  included  in  Table  VII  to  show  that  no  clear  trend 
exists  as  a  function  of  arc  current. 

Another  interesting  observation  was  that  the  adjusted  of 

the  deposited  ferrite  varied  from  lilOO  to  iioOO  Gauss  as  conpared  to  3600 
Gauss  for  the  conventionally  sintered  sample.  The  adjusted  UlfMs  of  the  arc 
plasma  sanples  is  the  measiured  UWMs  divided  by  the  percent  of  theoretical 
density  of  the  sample.  This  conpensates  for  the  density  differences  which 
were  from  1h%  to  28^  higher  than  the  conventional  sample.  The  conventional 
sample  had  a  density  of  85^  of  theoretical  as  compared  to  91%  to  9\x%  of 
theoretical  density  for  the  arc  plasma  samples. 

b.  juluid  Bed  Powder 

Only  a  limited  number  of  samples  prepared  from  the  fluid-bed 
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powder  were  used  in  the  evaluation  of  the  arc  plapna  parameters  because 
of  the  limited  amount  of  powder  available.  The  results  from  these  samples 
were  similar  to  those  reported  for  the  conventional  sprey  dried  powder.  The 
curves  in  Figure  7  !*ow  the  effect  of  arc  current  on  TO,  The  fluid  bed 
curves  are  similar  to  the  conventional  spray  dried  TC  curves  in  that  the 
higher  arc  currents  produce  a  more  positive  TC.  Ihese  values  msy  be  centred 
to  a  TC  of  +2000  ppra/°C  for  a  conventionally  sintered  fluid  bed  sample.  The 
significance  of  these  TC  curves  is  that  it  was  possible  to  produce  a  tempera¬ 
ture  stable  (TC»0)  ferrite  with  a  linear  characteristic  (+0,15^)  by  arc  plas¬ 
ma  deposition.  ‘IMs  is  of  economic  in^ortance  because  the  production  costs 
of  temperature  stable  toroids  by  the  arc  plasma  deposition  technique  are  es¬ 
timated  to  be  from  one  to  two  orders  of  Mgnitude  less  than  a  pre^ously  de¬ 
veloped  flame  spray  hot  press  technique.'  Table  Till  diows  how>u  and  Hp 
responded  to  several  arc  currents  at  a  woridng  distance  of  l-3g  in  !Bie 
values  of /I  and  He  after  annealing  exhibit  an  Inproveraent  over  th  conven¬ 
tionally  Entered  sample  which  had  a  low  density  (60%  of  theoretical).  Also* 
the  toroid fWithout  the  substrate^  deposited  with  a  ^00  A  arc  c^rent  had 
values  of  n  and  similar  to  those  reported  in  the  literature®  after  anneal¬ 
ing. 

c.  Flame  Spray  Powder 

In  view  of  the  lower  deposition  rate  of  the  flame  spray  powder, 

(Hi  many  of  the  ferrite  deposits  were  under  15  mils  thick  and  TC 

•  ,uo 

was  used  exclusively  to  evaluate  the  arc  plasma  parameters.  Tables  IX  and  X 
show  the  effects  of  arc  current  and  working  distance  on  TO,  and  i^. 

Thera  is  a  similar  trend  in  the  variations  of  arc  current  and  working  dis¬ 
tance  in  that  as  arc  current  is  increased  or  working  distance  is  decreased 
TC  becomes  more  positive,  /</  increases,  and  decreases.  It  is  felt  that  the 
flame  spray  powder,  because  of  its  fine  grain  size  (0.02  to  0,10  micron)  and 
hi{^  cost  (approximately  $2 5/lb),  is  the  most  unsuitable  of  the  three  powder 
types  inve^lgated  for  arc  plasma  depositions.  The  fine  grain  size  not  only 
results  in  a  low  deposition  rate,  but  maket  *t  difficult  to  achieve  reason¬ 
able  values  of  Ai  and  Hj,.  The  best  values  of  a/  and  Hg  obtained  were  175  and 
2.2  Oe,  respectively.  These  values  may  be  conpared  to  approximately  2U0  and 
1,5  Oe  for  a  similar  commercial  saiple. 

Carrier  Gas 

The  other  arc  plasma  parameter  investigated  \ias  the  carrier  gas. 

This  was  done  by  substituting  o^gen  for  argon;  the  latter  was  used  in  the 
previous  saiples  discussed.  This  carrier  gar  substitution  had  very  little 
affect  onAi^  H^,  and  squareness  ratio,  as  shown  in  Table  XI.  The  selection 
of  oxygen  as  the  substitute  carrier  gas  was  done  specifically  to  determine 
the  effects  on  resistivity.  It  has  been  established  that  the  presence  of 
ferrous  iron  in  a  nickel  ferrite  will  not  only  decrease  the  resistivity,  but 
it  will  also  enhance  the  squareness,^  This  would  offer  another  explanation 
for  the  blgji  squareness  ratios  reported  for  the  arc  plasma  deposited  samples. 
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The  sensitivity  of  the  resistivity  of  nickel  zinc  ferrite  to  ferrous  iron, 
as  renarted  hv  Smit  and  WLin.  can  be  shewn  by  comparine  Ni  nSix  JFe-Oi.  with  a 


If  the  arc  plasma  deposition  yielded  a  hi^  resistivity,  approximately  10 
ohs^cm,  and  also  a  high  squareness  ratio,  then  it  would  have  to  be  assumed 
that  the  inproved  squareness  is  primarily  a  result  of  stress  effects.  Based 
on  a  series  of  deposited  ferrite  saaqples  given  in  Table  HI,  it  is  shown  that 
relatively  high  values  of  squareness  ratios  and  hi^  resistivities  wore 
obtained.  Actually,  there  is  no  clear  relationship  between  squareness  and 
resistivity.  Thus,  it  is  felt  that  stresses  are  the  main  factor  In  the  im¬ 
proved  squareness  observed  in  the  arc  plasma  deposited  sa!iq>leSo  'Qie  oxygen 
calmer  gas  does  appear  to  have  an  influence  in  achieving  resistivlUes, 
since  the  three  samples  with  resistivities  greater  than  10^  ohnv^cm  were  de¬ 
posited  with  an  oxygen  carrier  gas. 


It  is  also  believed  that  the  loading  phenomenon  occurring  when  the 
fine  powders  are  fed  internally  into  the  arc  gun  has  a  sl^aificant  effect  on 
the  resistivity  of  the  deposited  saitples.  This  is  based  on  obsnrvatlons  of 
consecutive  depositions  in  >hlch  those  with  the  greatest  loading  problem  re¬ 
sulted  in  sam>les  with  low  resistivities,  ^e  sample  with  the  lowest  resis¬ 
tivity,  7x10^  ohm/cm,  ^ch  was  deposited  with  an  oxygen  carrier  gas,  8cq>porti 
this.  Also,  two  randomly  selected  samples  deposited  with  an  argon  carrier 
gas  ft'om  the  conventional  spray  dri^  powder,  for  which  loading  was  never  a 
problem,  had  resistivities  of  $  x  ICr  and  1  x  10°  ohm/cm.  More  recent  wcric 
with  a  Mg  Ifo  ferrite  powder,  fed  externally  into  the  arc  flams,  produced 
resistivities  greater  than  10^  oha/cm.  It  is  concluded  that  in  order  to 
consistently  achieve  high  resistivities,  it  is  necessaxy  to  select  the  proper 
feed,  internal  or  external,  for  a  given  powder  particle  size  and  to  uae  an 
oxidizing  carrier  gas. 


Ths  reproduciblli-ty  of  arc  plasma  deposited  ferrites 
was  also  evaluated.  Before  reproducibilily  could  be  evaluated,  it  was  de¬ 
sirable  to  first  establish  the  magnetic  unifomd'ty  of  a  ferrite  deposited  on 
a  1x2  in  substrate.  To  determine  magnetic  uniformity,  two  toroids  from  each 
deposition  were  measured  and  annealed  under  identical  conditions.  TAble  HU 
shows  the  results  of  six  such  pairs  of  toroids.  As  can  be  observed,  the 
magnetic  \Qilfonnity  within  a  single  depositicn  is  generally  good,  both  before 
and  after  annealing.  Therefore,  it  is  felt  that  a  toroid  can  be  cut  tvoa  any 
part  of  the  deposited  ferrite  >*nd  possess  the  magietlc  properties  representa¬ 
tive  of  the  total  deposition. 

The  reproducibility  was  determined  by  exsmining  depositions  of 
two  or  more  consecutive  sauries  using  IdentLoal  arc  plasma  parameters. 

These  depositions  fabricated  over  a  time  span  from  as  litHe  as  a  fsw  minutes 
apart  to  as  long  as  several  days  apart.  It  was  observed  that  when  longer 
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tine  qoans  were  used  between  depositions^  the  deposition  rate  decreased.  It 
Is  b^eved  that  excessive  moisture,  picked  yjp  during  the  Idle  period,  con¬ 
tributed  to  the  decrease  of  the  deposition  rate.  This  observation  was  made 
after  all  the  samples  had  been  deposited.  No  attesipt  had  been  made  to  keep 
the  deposition  rate  constant  durli^  the  time  lapsed  d^osltlons.  Table  n? 
shows  the  results  of  these  experiments  which  were  used  to  determine  reproduci¬ 
bility*  The  variations  of  TC,ya^  and  are  greater  than  those  observed  In 
the  termination  of  magnetic  uniformity*  This  indicates  that  there  Is  need 
for  ijqproving  the  control  of  the  arc  plasma  system.  The  sauries  in  Table  XIV 
are  listed  in  the  chronological  order  In  which  they  were  deposited.  It  may 
be  stated, therefore,  that  some  irprovenent  in  reproducibility  has  been  achieved 
'  during  the  time  span  of  this  investigation*  That  is,  the  conventional 
epriQr  dried  samples  were  deposited  early  in  this  investigation  while  the 
Haw  spray  samples  with  TC  of  -t-U^O  and  -•■UOO  ppm/°C  were  deposited  near  the 
.endjiafter  several  refinements  had  been  introduced  in  the  deposition  technique. 
Tbs  values  of  ^  and  H  for  the  samples  listed  last,  seem  to  indicate  better 
reproducible  results. °  Further  iaprovements  in  the  arc  plasma  deposition 
technique  will  be  Introduced  In  the  future  and  it  is  felt  that  reproducibil¬ 
ity  of  ^  and  He  to  within  +  105^  is  a  realistic  ejqwctation. 

CONCLUSIONS 

The  most  important  aspect  of  depositing  ferilte  on  a  ceramic  substrate 
is  the  preheating  of  the  substrate.  The  preheat  decreases  thermal  shock, 
and  aids  in  ihe  ferrite  to  substrate  bond.  Farther,  there  is  evidence  that 
the  linear  coefficients  of  thermal  expansion  of  the  substrate  and  ferrite 
should  be  as  similar  as  possible  to  avoid  cracking  of  either  the  substrate 
OP  ferrite  during  the  time  that  the  composite  toroid  returns  to  room  tempera¬ 
ture.  This  is  believed  to  be  especialiy  important  for  thick  deposits. 

The  effects  the  substrate  has'  on  the  magnetic  properties  of  the  deposi¬ 
ted  ferrite  are  determined  hy  comparing  the  properties  of  ferrite-sob  strata 
cosposl'te  toroids  to  the  properties  of  ferrite  toroids  with  the  substrate 
removed.  It  was  established  that  the  ferrite-substrate  -boroids  had  lower 
values  of  TO  ,  and  squareness  ratios,  and  hlj^r  values  of  Hq.  This 
effect  was  most  apparent  for  -the  thinner  ferrite  depositions.  It  would  be 
usefhl  to  Investigate  the  variation  of  the  magnetic  properties  of  the  fer¬ 
rite-substrate  toroids  with  linear  coefficient  of  expansion.  Also,  it  would 
be  desirable  'to  know  if  any  differences  can  be  controlled  by  the  cooling 
rate  after  arc  plasonn  deposition  and  annealing  cycle. 

The  preparation  and  particle  size  of  the  ferrite  powder  has  been  found 
to  be  the  most  impor'tant  factor  in  achieving  high  deposition  rates.  Also, 
the  powder  characteristics  are  important  for  determining  the  arc  current  and 
worldng  distance  necessary  to  acldeve  good  deposits;  i.e.  ,hi^  densi'ty, 
sinifLe  phase,  and  good  bond.  Based  on  the  powder  t;^es  Investigated  (flame- 
spr^,  fluid-bed,  and  conventional  spray-dried),  it  is  estimated  that  a 
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particle  size  in  the  range  of  1  to  10  microns  is  best  for  realizing  good 
d^osition  rates  with  moderate  arc  currents  and  working  distances. 

Arc  current  and  working  distance  were  the  two  arc  plasma  parameters  most 
thoroughly  investigated.  They  were  found  to  imive  significant  effect  o® 
magnetic  properties  and  TC)  both  before  and  after  annealing,  lliere 

are  limits  as  how  muM  the  working  distances  can  be  varied.  If  the  wzking 
distance  is  too  short  (normally  1*^  in),  the  ferrite  will  remain  in  a  ncAten 
state  on  the  substrate  during  deposition  and  a  tendency  exists  for  the  sub¬ 
strate  to  melt.  If  the  working  distance  is  too  long;  the  ferrite  does  not 
adhere  to  the  substrate;  this  is  also  the  experience  with  low  are  currents. 
Qenerally>  it  is  concluded  that  to  achieve  a  high  ^  and  a  low  H(»,a  hic^  aro 
current  and  short  working  distance  is  desirable.  The  selection  of  a  oarrimr 
gas^  either  inert  or  oxidizing,  had  no  apparent  effect  on  the  maffietio  prop¬ 
erties  but  did  affect  the  ferrite  resistivily.  Another  are  plaama  paxwNter 
which  should  be  Investigated  is  arc  gas.  Argon  was  used  ccqpletely  in  this 
li-vestigatioin.  The  other  possible  arc  gases  are  helium;,  nUrogOR,  and  Igrdro- 
gen.  The  use  of  higher  velodtjr  nozzles  cculd  also  offer  si^iifieant  advea- 
tages  in  lowering  the  arc  currents  and  increasing  the  working  distaneee. 
(Ireater  material  stresses  would  be  developed  by  the  higher  velocities,  re¬ 
sulting  in  even  greater  improvement  in  squareness. 

The  reproducibility  of  the  arc  plasma  has  been  found  to  be  reasonAbly 
good,  considering  the  effort  eaqpended  in 'this  area.  It  is  expected  that  as 
further  modifications  are  made  the  reproducibility  will  improve. 

It  is  felt  that  the  arc  plasma  can  be  a  usefhl  technique  for  the  fabri¬ 
cation  of  specific  ferrite  conponents  euch  as  temperature  stable  cores  end 
other  cosponents  idiere  a  ferrite  to  ceramic  bond  is  required.  Also,  the  aro 
plasma  msy  be  useful  for  Isproving  certain  material  chuacteristice  snoh  as 
squareness  and  UftMs. 


ACXNCMLEDOENBNTS 

The  author  expresses  his  gratitude  to  J.  Klimex  for  his  assLstanoe  and 
dedication  in  the  operation  of  the  arc  plasma  system.  Dr.  Ru(i^  Tenaer  of 
Indiana  Q«oeral,Inc. .  for  supplying  the  commercial  spray  dried  powder,  and 
R.  lent  of  this  Laboratory  for  sever^  magnetic  measurements. 


RrB#ra«(*WCT»MW«««MTOtl»Wi!S3»«PWr!S»S®SI!SS<SBWS»??i*fm»l»»S’!»^ 


REFERBfCES: 

1.  U.S.  Patent  3>576,672,  Douglas  H.  Harris  and  Richard  J.  Janowd ecki , 

"Method  of  Plasma  Spraying  Ferrite  Coatings  and  Coatings  thus  Aoplied, " 
i^ril  27,  1971. 

2.  D.  H.  Harris  and  R.  J.  Janowiecki,  "Arc>Plasma  Deposits  nay  Yield  Some 
Dig  MLcrowave  Dividends,"  ELactronics,  Februaiy  2,  1970. 

3.  A.  B.  Paladino  and  G.  R,  Snider,  "Ferrite-Dielectric  Composites  Utilising 
Mg0-MgAl20i^  Mixtures  to  Achieve  Tharmal  E3q>ansion  Matched  Substrates, " 
Ceramic  Bulletin,  March  1970. 

!;•  F.  Q.  Peters,  "Thermal  Properties  of  Polycryst£illine  Garnets  and  Fei'idtes," 
International  Conference  on  Magnetics,  April  1968. 

9.  Roger  F.  Belt  and  Gerald  C.  Florio,  "Permeability  and  Temperature  Coef¬ 
ficient  Changes  in  Hot  Press  Flame  Sprayed  Mlckel  Zinc  Ferrj.tes, "  Pre¬ 
sented  at  73rd  Annual  Meeting  of  The  American  Ceramic  Society,  Chicago, 
nic,  April  26,  1971. 

6.  Richard  W,  Babbitt,  "Preparation  and  Reproducibility  of  Temperature  Stable 
R.F,  Ferrites,"  R&D  Technical  Report  EC0M-3liiiL,  June  1971. 

7.  R.  F«  Belt  and  0,  Cc  FLorlo,  "Production  Engineering  of  Ferrite  Cores  for 
R.  F.  Applications,"  Airtron  Division,  Litton  Precision  Products,  Morris 
Plains,  N.J.,  Contract  No.  nAAB05-69-C-0013,  July  1969  -  June  1971. 

8.  J,  Smit  and  H.P.J.  Wijn,  Ferrites  (John  Wiley  &  Sons,  New  York,  N.Y., 

1959). 

9.  U.S.  Patent  3,23i*,136,  Jiuighl  Ahn  and  Pieter  Qeldermans,  "Method  for 
Producing  Square  Loop  Nickel  Ferrous  Ferrite,"  Febniary  8,  1966. 


Table  I 

UNEAR  COEFFICIENT  OF  EXPANSION  OF  CERAMIC  SUBSTRATES;. 


Sobatrate 


Linear  Coefficient  of 
Thermal  Expansion  (par  "C) 


Alumina 
(Am.  Lava) 

25®  -  3000®C 
25®  -  700®  C 

6.5  X  10’ 

7.5  X  10' 

Alumina 

(Tr.itis-Tech,  D-9) 

5  X  10“^ 

Steatite 
(Amv  Lava) 

25®  -  300®  C 
25®  -  700®  C 

8.0  X  10' 
8.7  X  10' 

Magnesium  Titanate 
(Trane>Tech.  D-16) 

7.  5  X  10“ 

MgO  MgAl204 
(TranS'Tech) 

10  X  10“^ 

Foraterite 
(Trans-Tech,  D-6) 

10  X  10“^ 

For  ste  rite 
(Am.  Lava) 

25®  -  300® C 

25®  -  700®  C 

10.0  X  10 
11.2  X  10 

K-38 

(Raytheon) 

11  X  10"^ 

Relative  Diel 
Constant 


Table  II 

TEMPERATURE  PRODUCED  BY  ARC  PLASMA 
AT  A  DISTANCE  OF  1-1/4  INCHES. 


Arc  Currant 
(Am^raa) 


Thermocouple  Temperature 
(Fixed  Position) 

840*  C 


Thermocouple  Temperature 
(Transversing  w/1  inch  Stroke) 

200®  C 


1050®C 


970®  C 


Thermocouple  and  alumina 
casing  melted 


Table  IH 

SUBSTRATES  USED  FOR  ARC  PLASMA  DEPOSITION. 


»; 

a 


1  Magnesium 

1  TiUnate 

450 

1-172 

750 

720 

35 

Substrate  cracked- 
Held  together  by  ferrite 

j  Magnesium 
i  Titanate 

570 

1-1/2 

850 

950 

25 

Crack-free,  well-adhered  film 

Magnesium 

1  Titanate 

570 

1-1/2 

940 

1100 

■  ' 

60 

One  crack  in  substrate 

K  Magnesium 

1  Titanate 

570 

2 

760 

770 

61 

One  crack  in  substrate 

1  Magnesium 

1  Titanate 

570 

2-3/4 

950 

570 

28 

Crack-free  sample 

1  MgO-MgAl^O^ 

620 

2 

900 

880 

10 

Crack-free,  well-adhered  film 

1  Mg0-MgAl204 

700 

2 

890 

930 

30 

Crack-free,  well-adhered  film 

f  Mg0-MgAl204 

2 

960 

930 

36 

Crack-free,  well-adhered  film 

1 

SM 

“ 

FI 

uid  Bed  Powder 

1  Steatite 

"350 

l-i/2 

'bw 

Cracks  in  deposited  ferrite 

1  Magnesium 
f  Titanate 

350 

1-1/2 

800 

750 

10 

Two  cracks  in  substrate 

I  Magnesium 

1  Titanate 

400 

1-1/2 

750 

830 

12 

Crack-free,  well-adhered  film 

Steatite 

400 

1 

750 

950 

40 

Cracks  in  deposited  ferrite 

j  Magnesium 
i  Titanate 

500 

1-1/2 

900 

780 

22 

Crack-free,  well-adhered  film 

Magne  sium 
Titanate 

600 

1-1/2 

920 

1040 

10 

Crack-free,  well-adhered  film 

■i 
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Table  HI 

SUBSTRATES  USED  FOR  ARC  PLASMA  DEPOSITION  (Contlm*.  '^- 


”1^ 

'11 


M 


f  4 


d 

*>‘m 

s 

k  e 

e 

c 

e 

«• 

m  ^ 

Oven 

Temp 

(•c) 

a 

• 

e 

M 

u 

Jfi  9 

Subatrate 

“1 

<s 

Q  « 

_W 

1  « 

i: 

(t 

4* 

m 

1  during 

HrS 

SE 

■ 

Comment 

Flame  Spray  Powder 


Magnesium 

Titanate 

300 

2 

700 

580 

12 

Crack-free  sample 

Magnesium 
Titanate . 

300 

1-3/4 

m 

550 

B 

Film  peeled  off- substrate  cracked 

Magnesium 

Titanate 

300 

1-3/4 

B 

530 

10 

One  crack  in  substrate 

Magnesium 

Titanate 

400 

1-3/4 

680 

11 

One  crack  in  substrate 

Magnesium 

Titanate 

500 

1-3/4 

700 

800 

34 

Crack-free,  well-adhered  film 

Fosterite 

zm 

2 

41 

Poor  film  adherence- substrate  cracked 

Fosterite 

1400 

1-3/4 

Bia 

m 

Crack-free,  well-adhered  film 

Fosterite 

400 

1-3/4 

B9: 

m 

L  Crack-free,  well-adhered  «li« 

Fosterite 

1-3/4 

?^l 

74 

_Crack-free.  well-adhered  film 

Table  IV 

SQUARENESS  AS  A  FUNCTION  OF  PO  WDER  TYPE  . 


(Working  Distance  =  1-1/2  In) 


Powder  Type 

Arc  Current 
(Amperes) 

Squareness 

Ratio 

Flame  Spray 

350 

.83 

400 

.87 

400 

.89 

500 

76 

500 

.  34 

Fluid  Bed 

350 

.90 

500 

.87 

600 

.91 

Spray  Dried 

450 

.  65 

570 

.84 

570 

.73 

600 

.76 

660 

.73 

720 

.69 

Table  V 

SQUARENESS  RATIO  AFTER  ANNEAL 
WITH  AND  WITHOUT  SUBSTRATE. 


Arc  Current 
(Amperes) 

Working  Distance 
(Inches) 

Squareness  Ratio  | 

With 

Without 

400 

2-1/8 

.77 

.84 

2-1/8 

.81 

.85 

1-3/4 

.75 

.82 

500 

1-1/2 

.76 

.84 

Table  VII 

EFFECTS  OF  ARC  CURRENT  ON  }i'  AND  Hg 
AT  A  WORKING  DISTANCE  OF  1-1/2  IN 
(CONVENTIONAL  SPRAY  DRIED  POWDER  ) . 


••A 

Before  Anneal 

Afte  r  Anneal 

Arc 

Current 

(Amperes) 

He 

(Oe) 

Annc&l 

Temp 

(“C) 

✓ 

F 

He 

(Oe) 

Squareness 

1  Ratio 

wxtn  or 

Without 

Substrate 

450 

13.0 

14.0 

1200 

175 

1.0 

.64 

with 

570 

53.0 

«•  m 

1200 

180 

2.6 

.83 

with 

570 

130.0 

3.0 

1200 

300 

1.5 

.73 

with 

600 

79.0 

4.8 

1200 

250 

1.7 

.77 

with 

660 

230.0 

1.6 

1200 

320 

0.8 

.  64 

with 

720 

204.0 

1.4 

1200 

345 

0.6 

.67 

without 

Conventional  Sintered 
_ 1 _ 1 _ 

1250 

575 

0.6 

.50 

without 

Table  VIH 

EFFECTS  OF  ARC  CURRENT  ON>'  AND  He 
fTTK  WORKING  DlSTATfCE  OF  1  - 1  /  2  IN  ~ 
(FLUID  BED  POWDER ). 


Arc 

Current 

(Amperes) 

Before 

Anneal 

[  Afte  r  Anneal 

With  or 
Without 
Substrate 

/ 

F 

He 

(Oe) 

Anneal 

Temp- 

("C) 

A*' 

He 

(Oe) 

Squareness 

Ratio 

350 

34 

«« 

1240 

155 

2.4 

.90 

with 

500 

38 

20 

1210 

155 

1.8 

.86 

with 

600 

39 

19 

1240 

135 

1.8 

.90 

with 

500 

46 

-- 

1240 

203 

1.2 

.88 

without 

Conventional  Sintered  (gl250 

73 

2.0 

.73 

without 

Sinit-mjn° 

240 

1.5 

w  m 

without 

Before  Azmeel 


After  Anneal 


N3/4 

10 

1-3/4 

32 

1-3/4 

28 

1-3/4 

25 

1-3/4 

25 

Anneal 

He 

Temp 

(Oe) 

(•c) 

He 

Squareness 

(Oe) 

Ratio 

1330 

115 

1280 

111 

1310 

138 

1310 

120 

250 

1-3/4 

9.5 

400 

1-3/4 

21 

400 

1-1/2 

24 

400 

1-1/2 

24 

400 

1-1/2 

16 

1300 

97 

5, 

.2 

.85 

1300 

96 

4, 

.2 

.88 

118 

2 

.5 

e 

00 

>0 

1360 

102 

2 

.5 

.65 

1360 

122 

3 

.8 

0 

00 

• 

Resistivity 
(ohm/ cm) 


6  X  10^ 


4  X  10 


2  X  10 


3  X  10 


2  X  10 


9  X 


5  X  10 


5  X  10^ 


2  X  10 


X 


7  X  10 


Squareness 

Ratio 


Carrier 

Gas 


Argon 


Argon 


Argon 


02 


Argon 


Argon 


02 


Anneal  Conditions 


air  anneal  •  fast  cool 


air  anneal  ■ 


air  anneal  ■ 


02  anneal  - 


air  anneal  < 


Oy  anneal  - 


O2  anneal  - 


air  anneal  ' 


air  anneal ‘ 


-  fast  cool 


>  fast  cool 


■  slow  cool 


-  slow  cool 


>  fast  cool 


>  fast  cool 


o  fast  cool 


-  fast  cool 


air  anneal  -  fast  cool 


air  anneal  •  fast  cool 


FIG.  I  ARC  PLASMA  DEPOSITION  TECHNIQUE 


Table  Xm 

MAGNETIC  PROPERTIES  OF  PAIRS  OF  TOROIDS 

CUT  FROM  SAME  SUBSTRATE.  BEFORE  AND  AFTER  ANNEAL, 

Btfor*  Anneal 


Toroid 

Powder 

# 

Fluid 

1 

Bed 

2 

Flame 

1 

Spray 

2 

Flame 

1 

i  Spray 

2 

Flame 

1 

Spray 

2 

Flame 

1 

Spray 

2 

Flame 

1 

^ray 

2 

After  Anneal 

He 

(Oe) 

Squareneee 

Ratio 

20  95  3.2 

24  103  3.2 


After  Anneal 


He 

Sqnereneas 

(o» 

Ratio 

.8 

.83 

1.5 

.73 

3.0 

.80 

2.3 

<0 

. 

5.0 

.85 

3.5 

.85 

4.6 

.84 

Bl 

.83 

3.5 

.89 

3.1 

.84 

3.1 

.86 

FIG.  2  ELECTRON  MICROSCOPE  PHOTOGRAPH  (5000  X)  SHOWING  THE 

EFFECTS  OF  ARC  PLASMA  DEPOSITION  ON  PARTICLE  SHAPE. 
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\T  SUBSTRATES  PRIOR  TO  AND  DURING  ARC 
ASMA  DEPOSITION. 


CURRENT 


OEPOSmON  RATE(MILS/MIN/IN2) 

(b)  DEPOSITION  RATE  AS  A  FUNCTION  OF  ARC  CURRENT, 
I  1/2  IN  WORKING  DISTANCE. 

FIG.  4  DEPOSITION  RATE  AS  A  FUNCTION  OF  WORKING 
DISTANCE  AND  ARC  CURRENT. 
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ARC  CURRENT  450  A  T  C  = -1040  ppm/ *0 

ARC  CURRENT  550  A  T  C  =-620ppm/*C 

ARC  CURRENT  600  A  T  C  »+320  ppm/*C 


20  40 

TEMP  ®C 


FIG.  6  EFFECT  OF  ARC  CURRENT  ON  TO  AT  A  WORKING  DISTANCE  OF  1-1/2  IN 
(CONVENTIONAL  POWDER). 


